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Abstract
We present a study of the exclusive pp → ppK+K−K+K− reaction at high energies. We consider
diffractive mechanisms with the intermediate φφ state with its decay into the K+K−K+K− system.
We include the φ(1020) tˆ/uˆ-channel exchanges and the f2(2340) s-channel exchange mechanism.
This f2 state is a candidate for a tensor glueball. We discuss the possibility to use the pp → ppφφ
process in identifying the odderon exchange. An upper limit for the POφ coupling is extracted
from the WA102 experimental data. The amplitudes for the processes are formulated within the
tensor-pomeron and vector-odderon approach. We adjust parameters of our model to the WA102
data and present several predictions for the ALICE, ATLAS, CMS and LHCb experiments. Inte-
grated cross sections of order of a few nb are obtained including the experimental cuts relevant
for the LHC experiments. The distributions in the four-kaon invariant mass, rapidity distance
between the two φmesons, special “glueball filter variable”, proton-proton relative azimuthal an-
gle are presented. The distribution in rapidity difference of both φ-mesons could shed light on
the f2(2340) → φφ coupling, not known at present. We discuss the possible role of the f0(2100),
η(2225), and X(2500) resonances observed in the φφ channel in radiative decays of J/ψ. Using
typical kinematic cuts for LHC experiments we find from our model that the odderon-exchange
contribution should be distinguishable from other contributions for large rapidity distance be-
tween the φ mesons and in the region of large four-kaon invariant masses. At least, it should be
possible to derive an upper limit on the odderon contribution in this reaction.
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I. INTRODUCTION
Diffractive studies are one of the important parts of the physics program for the RHIC
and LHC experiments. A particularly interesting class is the central-exclusive-production
(CEP) processes, where all centrally produced particles are detected; see Sec. 5 of [1]. In
recent years, there has been a renewed interest in exclusive production of π+π− pairs at
high energies related to successful experiments by the CDF [2] and the CMS [3] collab-
orations. These measurements are important in the context of resonance production, in
particular, in searches for glueballs. The experimental data on central exclusive π+π−
production measured at Fermilab and CERN all show visible structures in the π+π− in-
variant mass. As we discussed in Ref. [4] the pattern of these structures has a mainly
resonant origin and is very sensitive to the cuts used in a particular experiment (usually
these cuts are different for different experiments). In the CDF and CMS experiments, the
large rapidity gaps around the centrally produced dimeson system are checked, but the
forward- and backward-going (anti)protons are not detected. Preliminary results of sim-
ilar CEP studies have been presented by the ALICE [5] and LHCb [6] collaborations at
the LHC. Although such results will have a diffractive nature, further efforts are needed
to ensure their exclusivity. Ongoing and planned experiments at the RHIC (see, e.g., [7])
and future experiments at the LHC will be able to detect all particles produced in cen-
tral exclusive processes, including the forward- and backward-going protons. Feasibility
studies for the pp → ppπ+π− process with tagging of the scattered protons as carried
out for the ATLAS and ALFA detectors are shown in [8]. Similar possibilities exist using
the CMS and TOTEM detectors; see, e.g., [9].
It was known for a long time that the frequently used vector-pomeron model has prob-
lems from the point of view of field theory. Taken literally it gives opposite signs for
pp and p¯p total cross sections. A way to solve these problems was discussed in [10],
where the pomeron was described as a coherent superposition of exchanges with spin
2 + 4 + 6 + ... The same idea is realised in the tensor-pomeron model formulated in
[11]. In this model, pomeron exchange can effectively be treated as the exchange of a
rank-2 symmetric tensor. In [12] it was shown that the tensor-pomeron model is con-
sistent with the experimental data on the helicity structure of proton-proton elastic scat-
tering at
√
s = 200 GeV and small |t| from the STAR experiment [13]. In Ref. [14] the
tensor-pomeron model was applied to the diffractive production of several scalar and
pseudoscalar mesons in the reaction pp → ppM. In [15] an extensive study of the pho-
toproduction reaction γp → π+π−p in the framework of the tensor-pomeron model
was presented. The resonant (ρ0 → π+π−) and nonresonant (Drell-Söding) photon-
pomeron/reggeon π+π− production in pp collisions was studied in [16]. The cen-
tral exclusive diffractive production of the π+π− continuum together with the domi-
nant scalar f0(500), f0(980), and tensor f2(1270) resonances was studied by us in [4].
The ρ0 meson production associated with a very forward/backward πN system in the
pp → ppρ0π0 and pp → pnρ0π+ processes was discussed in [17]. Also the central ex-
clusive π+π−π+π− production via the intermediate σσ and ρ0ρ0 states in pp collisions
was considered in [18]. In [19] the pp → pppp¯ reaction was studied. Recently, in [20],
the exclusive diffractive production of the K+K− in the continuum and via the dominant
scalar f0(980), f0(1500), f0(1710), and tensor f2(1270), f
′
2(1525) resonances, as well as
the K+K− photoproduction contributions, was discussed in detail. In [21] a possibility
to extract the pomeron-pomeron- f2(1270) [PP f2(1270)] couplings from the analysis of
2
angular distributions in the π+π− rest system was studied.
The identification of glueballs in the pp → ppπ+π− reaction, being analysed by the
STAR, ALICE, ATLAS, CMS, and LHCb collaborations, can be rather difficult, as the di-
pion spectrum is dominated by the qq¯ states and mixing of the pure glueball states with
nearby qq¯ mesons is possible. The partial wave analyses of future experimental data
could be used in this context. Studies of different decay channels in central exclusive
production would be very valuable. One of the promising reactions is pp → ppφφ with
both φ ≡ φ(1020) mesons decaying into the K+K− channel. The advantage of this pro-
cess for experimental studies is the following. The φ(1020) is a narrow resonance and it
can be easily identified in the K+K− spectra. On the other hand, non-φφ backgrounds
in these spectra should have a broad distribution. However, identification of possible
glueball-like states in this channel requires calculation/estimation both of resonant and
continuum processes. It is known from the WA102 analysis of various channels that the
so-called “glueball-filter variable” (dPt) [22], defined by the difference of the transverse
momentum vectors of the outgoing protons, can be used to select out known qq¯ states
from non-qq¯ candidates. It was observed by the WA102 Collaboration (see, e.g., [23–27],
[28, 29]) that all the undisputed qq¯ states are suppressed at small dPt in contrast to glue-
ball candidates. It is therefore interesting to make a similar study of the dPt dependence
for the φφ system decaying into K+K−K+K− in central pp collisions at the LHC.
Structures in the φφ invariant-mass spectrum were observed by several experi-
ments. Broad JPC = 2++ structures around 2.3 GeV were reported in the inclusive
π−Be → φφ+ X reaction [30, 31], in the exclusive π−p → φφn [32, 33] and K−p → φφΛ
[34, 35] reactions, in central production [36–38], and in pp¯ annihilations [39]. In the radia-
tive decay J/ψ → γφφ an enhancement near Mφφ = 2.25 GeV with preferred JPC = 0−+
was observed [40–43]. The last partial wave analysis [43] shows that the η(2225) state
is significant, but a large contribution from the direct decay of J/ψ → γφφ, modeled by
a 0−+ phase space distribution of the φφ system, was also found there. Also the scalar
state f0(2100) and two additional pseudoscalar states, η(2100) and the X(2500), were
observed. Three tensor states, f2(2010), f2(2300), and f2(2340), observed previously in
[32, 33], were also observed in J/ψ → γφφ. It was concluded there that the tensor spec-
trum is dominated by the f2(2340). The nature of these resonances is not understood at
present and a tensor glueball has still not been clearly identified. According to lattice-
QCD simulations, the lightest tensor glueball has a mass between 2.2 and 2.4 GeV; see,
e.g., [44–50]. The f2(2300) and f2(2340) states are good candidates to be tensor glueballs.
For an experimental work indicating a possible tensor glueball, see [51]. Also lattice-QCD
predictions for the production rate of the pure gauge tensor glueball in radiative J/ψ de-
cays [52] are consistent with the large production rate of the f2(2340) in the ηη [53], φφ
[43] and KSKS [54] channels.
We have presented here some discussion of the role of resonances with masses around
2 GeV in connection with their possible glueball interpretations. With this we want to un-
derline the importance of the study of resonances in this mass range. Our present paper
aims to facilitate such studies, for instance, by investigating in detail the interplay of con-
tinuum and resonance production of φφ states. But we emphasize that in the following
we make no assumptions if the resonances considered are glueballs or not.
In the present paper we wish to concentrate on the CEP of four charged kaons via
the intermediate φφ state. Here we shall give explicit expressions for the pp → ppφφ
amplitudes involving the pomeron-pomeron fusion to φφ (PP → φφ) through the con-
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tinuum processes, due to the tˆ- and uˆ-channel reggeized φ-meson, photon, and odderon
exchanges, as well as through the s-channel resonance reaction (PP → f2(2340) → φφ).
The pseudoscalar mesons having IG = 0+ and JPC = 0−+ can also be produced in
pomeron-pomeron fusion and may contribute to our reaction if they decay to φφ. Possi-
ble candidates are, e.g., η(2225) and X(2500), which were observed in radiative decays of
J/ψ [43]. The same holds for scalar states with IG = 0+ and JPC = 0++, for example, the
scalar f0(2100) meson. We will comment on the possible influence of these contributions
for the CEP of φφ pairs. Some model parameters will be determined from the compar-
ison to the WA102 experimental data [27, 38]. In order to give realistic predictions we
shall include absorption effects calculated at the amplitude level and related to the pp
nonperturbative interactions.
II. EXCLUSIVE DIFFRACTIVE PRODUCTION OF FOUR KAONS
In the present paper we consider the 2 → 6 process, CEP of four K mesons, with the
intermediate φ(1020)φ(1020) resonance pair,
pp → pp φφ → ppK+K−K+K− . (2.1)
In Fig. 1 we show diagrams for this process which are expected to be the most impor-
tant ones at high energies since they involve pomeron exchanges. Figure 1 (a) shows the
continuum process. In Fig. 1 (b) we have the process with intermediate production of an
f2 resonance,
pp → pp (PP → f2 → φφ) → pp K+K−K+K− . (2.2)
In the place of the f2 we can also have an f0- and an η-type resonance. That is, we treat
effectively the 2 → 6 processes (2.1) and (2.2) as arising from the 2 → 4 process, the
central diffractive production of two vector φ(1020) mesons in proton-proton collisions.
In Fig. 1 (a) we have the exchange of a φ or φR reggeon, depending on the kinematics,
as we shall discuss in detail below. In place of the φ or φR we can, in principle, also have
an ω or ωR. But these contributions are expected to be very small since the φ is nearly
a pure ss¯ state, the ω nearly a pure uu¯ + dd¯ state. In the following we shall, therefore,
neglect such contributions.
The production of φφ can also occur through diagrams of the type of Fig. 1 but with
reggeons in the place of the pomerons. For example, in Fig. 1 (a) we can replace the
pomerons by φR reggeons and the intermediate φ by a pomeron. In Fig. 1 (b) we can
replace one or two pomerons by one or two f2R reggeons. For high energies and central
φφ production such reggeon contributions are expected to be small and we shall not
consider them in our present paper. We shall treat in detail the diagrams with pomeron
exchange (Fig. 1) and diagrams involving odderon and also photon exchange; see Figs. 2
and 4 below.
A resonance produced in pomeron-pomeron fusion must have IG = 0+ and charge
conjugation C = +1, but it may have various spin and parity quantum numbers. See e.g.
the discussion in Appendix A of [14].
In Table I we have listed intermediate resonances that can contribute to the pp → ppφφ
reaction (2.2) and to other processes with two vector mesons in the final state. It must be
noted that the scalar state f0(2100) and three pseudoscalar states, η(2100), η(2225), and
4
X(2500), which were observed in the process J/ψ → γφφ [43], are only listed in PDG [55]
and are not included in the summary tables. Clearly these states need confirmation.
TABLE I: A list of resonances, up to a mass of 2500 MeV, that decay into a vector meson pair.
The meson masses m and their total widths Γ are taken from PDG [55]. For η(2100) and X(2500),
the information is taken from [43]. In the first column, the • symbol indicates rather established
particles. In the fifth column, the (?) symbol denotes the states that need further experimental
confirmation.
Meson IG JPC m (MeV) Γ (MeV) φφ K∗0K¯∗0 ρ0ρ0 ωω
• f1(1285) 0+1++ 1281.9± 0.5 22.7± 1.1 Seen
• f0(1370) 0+0++ 1200− 1500 200− 500 Dominant Not seen
• f0(1500) 0+0++ 1504± 6 109± 7 Seen
f2(1565) 0+2++ 1562± 13 134± 8 Seen Seen
f2(1640) 0+2++ 1639± 6 99+60−40 Seen
• f0(1710) 0+0++ 1723+6−5 139± 8 Seen
η(1760) 0+0−+ 1751± 15 240± 30 Seen Seen
f2(1910) 0+2++ 1903± 9 196± 31 Seen Seen
• f2(1950) 0+2++ 1944± 12 472± 18 Seen
• f2(2010) 0+2++ 2011+60−80 202± 60 Seen
f0(2020) 0+0++ 1992± 16 442± 60 Seen Seen
f0(2100) 0+0++ 2101± 7 224+23−21 Seen (?)
η(2100) 0+0−+ 2050+30+75−24−26 [43] 250
+36+181
−30−164 [43] Seen (?)
• f4(2050) 0+4++ 2018± 11 237± 18 Seen
f J(2220) 0
+(2++ or 4++) 2231.1± 3.5 23+8−7 Not seen
η(2225) 0+0−+ 2221+13−10 185
+40
−20 Seen (?)
• f2(2300) 0+2++ 2297± 28 149± 40 Seen
f4(2300) 0
+4++ 2320± 60 250± 80 Seen Seen
• f2(2340) 0+2++ 2345+50−40 322+70−60 Seen
X(2500) 0+0−+ 2470+15+101−19−23 [43] 230
+64+56
−35−33 [43] Seen (?)
To calculate the total cross section for the 2 → 4 reactions one has to calculate
the 8-dimensional phase-space integral 1 numerically [56]. Some modifications of the
2 → 4 reaction are needed to simulate the 2 → 6 reaction with K+K−K+K− in the final
state. For example, since the φ(1020) is an unstable particle one has to include a smear-
ing of the φ masses due to their resonance distribution. Then, the general cross-section
formula can be written approximately as
σ2→6 = [B(φ(1020) → K+K−)]2
×
∫ max{mX3}
2mK
∫ max{mX4}
2mK
σ2→4(...,mX3 ,mX4) fφ(mX3) fφ(mX4) dmX3 dmX4 (2.3)
1 In the integration over four-body phase space the transverse momenta of the produced particles (p1t, p2t,
p3t, p4t), the azimuthal angles of the outgoing protons (φ1, φ2) and the rapidities of the producedmesons
(y3, y4) were chosen as integration variables over the phase space.
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FIG. 1: The “Born-level” diagrams for double pomeron central exclusive φφ production and their
subsequent decays into K+K−K+K− in proton-proton collisions: (a) continuum φφ production;
(b) φφ production via an f2 resonance. Other resonances, e.g. of f0- and η-type, can also contribute
here.
with the branching fraction B(φ(1020) → K+K−) = 0.492 [55]. We use for the calculation
of the decay process φ(1020)→ K+K− the spectral function
fφ(mXi) = Cφ
(
1− 4m
2
K
m2Xi
)3/2 2
πm
2
φΓφ
(m2Xi −m2φ)2 +m2φΓ2φ
, (2.4)
where i = 3, 4, Γφ is the total width of the φ(1020) resonance, mφ its mass, and Cφ = 64.1
is found from the condition ∫ ∞
2mK
fφ(mXi)dmXi = 1 . (2.5)
The quantity
(
1− 4m2K/m2Xi
)3/2
smoothly decreases the spectral function when ap-
proaching the K+K− threshold, mXi → 2mK, and takes into account the angular mo-
mentum l = 1 of the K+K− state.
To include experimental cuts on charged kaons we perform the decays of φ mesons
isotropically 2 in the φ rest frames and then use relativistic transformations to the overall
center-of-mass frame.
In principle, there are other processes contributing to the K+K−K+K− final state, for
example, direct K+K−K+K− continuum production and processes with f0,2 resonances:
pp → pp K+K−K+K− , (2.6)
pp → pp f0,2 K+K− → pp K+K−K+K− , (2.7)
pp → pp f0,2 f0,2 → pp K+K−K+K− , (2.8)
pp → pp ( f2 → f0 f0)→ pp K+K−K+K− . (2.9)
2 This is true for unpolarised φ’s. In principle our model also makes predictions for the polarisation of the
φ’s and the anisotropies of the resulting K+K− decay distributions. Once a good event generator for our
reaction is available, all of these effects should be included.
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Here f0,2 stands for one of the scalar or tensor mesons decaying to K
+K−. It should be
noted that a complete theoretical model of the pp → ppK+K−K+K− process should in-
clude interference effects of the processes (2.1), (2.2), and (2.6)–(2.9). However, such a de-
tailed study of the pp → ppK+K−K+K− reaction will only be necessary once high-energy
experimental data for the purely exclusive measurements will be available. We leave this
interesting problem for future studies. The GenEx Monte Carlo generator [57, 58] could
be used in this context. We refer the reader to Ref. [59] where a first calculation of four-
pion continuum production in the pp → ppπ+π−π+π− reaction with the help of the
GenEx code was performed.
III. THE REACTION pp → ppφφ
Here we discuss the exclusive production of φφ ≡ φ(1020)φ(1020) in proton-proton
collisions,
p(pa , λa) + p(pb, λb)→ p(p1, λ1) + φ(p3, λ3) + φ(p4, λ4) + p(p2, λ2) , (3.1)
where pa,b, p1,2 and λa,b, λ1,2 = ± 12 denote the four-momenta and helicities of the pro-
tons and p3,4 and λ3,4 = 0,±1 denote the four-momenta and helicities of the φ mesons,
respectively.
The amplitude for the reaction (3.1) can be written as
Mλaλb→λ1λ2φφ =
(
ǫ
(φ)
ρ3 (λ3)
)∗ (
ǫ
(φ)
ρ4 (λ4)
)∗Mρ3ρ4λaλb→λ1λ2φφ , (3.2)
where ǫ
(φ)
µ (λ) are the polarisation vectors of the φmeson.
We consider here unpolarised protons in the initial state and no observation of po-
larisations in the final state. Therefore, we have to insert in (2.3) the cross section σ2→4
summed over the φ meson polarisations. The spin sum for a φ meson of momentum k
and squared mass k2 = m2X is
∑
λ=0,±1
ǫ(φ) µ(λ)
(
ǫ(φ) ν(λ)
)∗
= −gµν + k
µkν
m2X
. (3.3)
But in our model the kµkν terms do not contribute to the cross section since we have the
relations
p3 ρ3Mρ3ρ4λaλb→λ1λ2φφ = 0 , p4 ρ4M
ρ3ρ4
λaλb→λ1λ2φφ = 0 , (3.4)
which will be shown below in Secs. IIIA and III B.
Taking also into account the statistical factor 12 due to the identity of the two φmesons
we get for the amplitudes squared [to be inserted in σ2→4 in (2.3)]
1
2
1
4 ∑spins
∣∣∣Mλaλb→λ1λ2φφ∣∣∣2 = 18 ∑
λa,λb,λ1,λ2
(
Mσ3σ4λaλb→λ1λ2φφ
)∗Mρ3ρ4λaλb→λ1λ2φφ gσ3ρ3 gσ4ρ4 .
(3.5)
To give the full physical amplitude for the pp → ppφφ reaction we include absorptive
corrections to the Born amplitudes discussed below. For the details of how to include the
pp-rescattering corrections in the eikonal approximation for the four-body reaction see
Sec. 3.3 of [16].
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A. φ-meson exchange mechanism
The diagram for the φφ production with an intermediate φ-meson exchange is shown
in Fig. 1 (a). The Born-level amplitude can be written as the sum
M(φ−exchange) ρ3ρ4λaλb→λ1λ2φφ =M
(tˆ) ρ3ρ4
λaλb→λ1λ2φφ +M
(uˆ) ρ3ρ4
λaλb→λ1λ2φφ (3.6)
with the tˆ- and uˆ-channel amplitudes:
M(tˆ)ρ3ρ4 =(−i)u¯(p1, λ1)iΓ(Ppp)µ1ν1 (p1, pa)u(pa , λa) i∆(P) µ1ν1,α1β1(s13, t1)
× iΓ(Pφφ)ρ1ρ3α1β1(pˆt,−p3) i∆
(φ) ρ1ρ2(pˆt) iΓ
(Pφφ)
ρ4ρ2α2β2
(p4, pˆt)
× i∆(P) α2β2,µ2ν2(s24, t2) u¯(p2, λ2)iΓ(Ppp)µ2ν2 (p2, pb)u(pb , λb) ,
(3.7)
M(uˆ)ρ3ρ4 =(−i)u¯(p1, λ1)iΓ(Ppp)µ1ν1 (p1, pa)u(pa , λa) i∆(P) µ1ν1,α1β1(s14, t1)
× iΓ(Pφφ)ρ4ρ1α1β1(p4, pˆu) i∆
(φ) ρ1ρ2(pˆu) iΓ
(Pφφ)
ρ2ρ3α2β2
(pˆu,−p3)
× i∆(P) α2β2,µ2ν2(s23, t2) u¯(p2, λ2)iΓ(Ppp)µ2ν2 (p2, pb)u(pb , λb) ,
(3.8)
where pˆt = pa − p1 − p3, pˆu = p4 − pa + p1, sij = (pi + pj)2, t1 = (p1 − pa)2, and
t2 = (p2 − pb)2. Here ∆(P) and Γ(Ppp) denote the effective propagator and proton ver-
tex function, respectively, for the tensorial pomeron. The corresponding expressions, as
given in Sec. 3 of [11], are as follows:
i∆
(P)
µν,κλ(s, t) =
1
4s
(
gµκgνλ + gµλgνκ − 12gµνgκλ
)
(−isα′P)αP(t)−1 , (3.9)
iΓ
(Ppp)
µν (p
′, p) = −i3βPNNF1(t)
{
1
2
[
γµ(p
′ + p)ν + γν(p′ + p)µ
]− 1
4
gµν(p/
′ + p/)
}
, (3.10)
where βPNN = 1.87 GeV
−1. For extensive discussions of the properties of these terms we
refer to [11]. Here the pomeron trajectory αP(t) is assumed to be of standard linear form
(see, e.g., [60, 61]):
αP(t) = αP(0) + α
′
P t,
αP(0) = 1.0808 , α
′
P = 0.25 GeV
−2 . (3.11)
Our ansatz for the Pφφ vertex follows the one for the Pρρ in (3.47) of [11] with the
replacements aPρρ → aPφφ and bPρρ → bPφφ. This was already used in Sec. IV B of [20].
The Pφφ vertex function is taken with the same Lorentz structure as for f2γγ defined in
(3.39) of [11]. With k′, µ and k, ν the momentum and vector index of the outgoing and
incoming φ, respectively, and κλ the pomeron indices, the Pφφ vertex reads
iΓ
(Pφφ)
µνκλ (k
′ , k) = iFM((k′ − k)2)
[
2aPφφ Γ
(0)
µνκλ(k
′ ,−k) − bPφφ Γ(2)µνκλ(k′,−k)
]
(3.12)
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with two rank-four tensor functions,
Γ
(0)
µνκλ(k1, k2) =
[
(k1 · k2)gµν − k2µk1ν
][
k1κk2λ + k2κk1λ − 12(k1 · k2)gκλ
]
, (3.13)
Γ
(2)
µνκλ(k1, k2) = (k1 · k2)(gµκgνλ + gµλgνκ) + gµν(k1κk2λ + k2κk1λ)
−k1νk2λgµκ − k1νk2κgµλ − k2µk1λgνκ − k2µk1κgνλ
−[(k1 · k2)gµν − k2µk1ν] gκλ ; (3.14)
see Eqs. (3.18) and (3.19) of [11]. In (3.12) the coupling parameters aPφφ and bPφφ have
dimensions GeV−3 and GeV−1, respectively. In [20] we have fixed the coupling param-
eters of the tensor pomeron to the φ meson based on the HERA experimental data for
the γp → φp reaction [62, 63]. We take the coupling constants aPφφ = 0.49 GeV−3 and
bPφφ = 4.27 GeV
−1 from Table II of [20] (see also Sec. IV B there).
In the hadronic vertices we should take into account form factors since the hadrons
are extended objects. The form factors F1(t) in (3.10) and FM(t) in (3.12) are chosen here
as the electromagnetic form factors only for simplicity,
F1(t) =
4m2p − 2.79 t
(4m2p − t)(1− t/m2D)2
, (3.15)
FM(t) =
1
1− t/Λ20
; (3.16)
see Eqs. (3.29) and (3.34) of [11], respectively. In (3.15) mp is the proton mass and
m2D = 0.71 GeV
2 is the dipole mass squared. As we discussed in Fig. 6 of [20] we should
take in (3.16) Λ20 = 1.0 GeV
2 instead of Λ20 = 0.5 GeV
2 used for the Pρρ vertex in [11].
Then, with the expressions for the propagators, vertices, and form factors, from [11]
Mρ3ρ4 can be written in the high-energy approximation as
M(φ−exchange) ρ3ρ4λaλb→λ1λ2φφ = 2(p1 + pa)µ1(p1 + pa)ν1 δλ1λa F1(t1) FM(t1)
×
{
Vρ3ρ1µ1ν1(s13, t1, pˆt, p3) ∆
(φ)
ρ1ρ2(pˆt) V
ρ4ρ2µ2ν2(s24, t2,−pˆt, p4)
[
Fˆφ(pˆ
2
t )
]2
+Vρ4ρ1µ1ν1(s14, t1,−pˆu, p4) ∆(φ)ρ1ρ2(pˆu) Vρ3ρ2µ2ν2(s23, t2, pˆu, p3)
[
Fˆφ(pˆ
2
u)
]2}
× 2(p2 + pb)µ2(p2 + pb)ν2 δλ2λb F1(t2) FM(t2) ,
(3.17)
where Vµνκλ reads as
Vµνκλ(s, t, k2, k1) =
1
4s
3βPNN (−isα′P)αP(t)−1
[
2aPφφΓ
(0)
µνκλ(k1, k2)− bPφφΓ(2)µνκλ(k1, k2)
]
.
(3.18)
The amplitude (3.17) contains a form factor Fˆφ(pˆ2) taking into account the off-shell de-
pendencies of the intermediate φ-mesons. The form factor is normalised to unity at the
on-shell point Fˆφ(m2φ) = 1 and parametrised here in the exponential form,
Fˆφ(pˆ
2) = exp
(
pˆ2 −m2φ
Λ2o f f ,E
)
, (3.19)
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where the cutoff parameter Λo f f ,E could be adjusted to experimental data.
The relations (3.4) are now easily checked from (3.17) and (3.18) using the properties
of the tensorial functions (3.13) and (3.14); see (3.21) of [11]. We can then make in (3.17)
the following replacement for the φ-meson propagator:
∆
(φ)
ρ1ρ2(pˆ) → −gρ1ρ2 ∆(φ)T (pˆ2) , (3.20)
where we take for pˆ2 < 0, where ∆
(φ)
T (pˆ
2) must be real, the simple lowest order expres-
sion (∆
(φ)
T (pˆ
2))−1 = pˆ2 −m2φ.
We should take into account the fact that the exchanged intermediate object is not a
simple spin-1 particle (φ meson) but may correspond to a Regge exchange, that is, the
reggeization of the intermediate φ meson is necessary (see, e.g., [18]). A simple way
to include approximately the “reggeization” of the amplitude given in Eq. (3.17) is by
replacing the φ-meson propagator in both the tˆ- and uˆ-channel amplitudes by
∆
(φ)
ρ1ρ2(pˆ)→ ∆(φ)ρ1ρ2(pˆ)
(
exp(iφ(s34))
s34
sthr
)αφ( pˆ2)−1
, (3.21)
where
s34 = (p3 + p4)
2 = M2φφ ,
sthr = 4m
2
φ . (3.22)
Here we assume for the φ Regge trajectory
αφ(pˆ
2) = αφ(0) + α
′
φ pˆ
2,
αφ(0) = 0.1 , α
′
φ = 0.9 GeV
−2 ; (3.23)
see Eq. (5.3.1) of [64]. In order to have the correct phase behaviour we introduced in (3.21)
the function exp(iφ(s34)) with
φ(s34) =
π
2
exp
(
sthr − s34
sthr
)
− π
2
. (3.24)
This procedure of reggeization assures agreement with mesonic physics in the φφ system
close to threshold, s34 = 4m
2
φ (no suppression), and it gives the Regge behaviour at large
s34. However, some care is needed here, as the reggeization is only expected in general
to hold in the |pˆ2|/s34 ≪ 1 regime. In the reaction considered, both 〈−pˆ2t 〉 and 〈−pˆ2u〉 are
of order 1 GeV2 (before reggeization) with a cutoff for higher |pˆ2| provided in (3.17) by
the form factors Fˆφ(pˆ2) (3.19). Therefore, the propagator form in (3.21) and (3.24) gives
correct Regge behaviour for s34 − 4m2φ ≫ 1 GeV2 and |pˆ2| limited by the form factors,
whereas for smaller s34 we have mesonic behaviour.
In Ref. [65] it was argued that the reggeization should not be applied when the ra-
pidity distance between two centrally produced mesons, Ydiff = Y3 − Y4, tends to zero
(i.e. for |pˆ2| ∼ s34). Indeed, for small Ydiff the two φ mesons may have large transverse
momenta leading to a largeMφφ. Clearly this kinematic region has nothing to dowith the
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Regge limit. For large Ydiff, on the other hand, the form factors Fˆφ(pˆ
2) in (3.17) limit the
transverse momenta of the φ’s but Mφφ will be large. That is, there we are in the Regge
limit. To take care of these two different regimes we propose to use, as an alternative to
(3.21), a formula for the φ propagator which interpolates continuously between the re-
gions of low Ydiff, where we use the standard φ propagator, and of high Ydiff where we
use the reggeized form (3.21):
∆
(φ)
ρ1ρ2(pˆ) → ∆(φ)ρ1ρ2(pˆ) F(Ydiff) + ∆(φ)ρ1ρ2(pˆ) [1− F(Ydiff)]
(
exp(iφ(s34))
s34
sthr
)αφ( pˆ2)−1
, (3.25)
with a simple function
F(Ydiff) = exp
(−cy|Ydiff|) . (3.26)
Here cy is an unknown parameter which measures how fast one approaches to the Regge
regime.
In Sec. IV below we shall compare the two prescriptions of reggeization, (3.21) and
(3.25); see Figs. 6 and 10. Furthermore, we shall show in Fig. 12 that a large size of the
rapidity gap between the two φ mesons indeed means automatically also large Mφφ in
our model.
B. f2 resonance production
Now we consider the amplitude for the reaction (3.1) through the s-channel f2-meson
exchange as shown in Fig. 1 (b). The f2(2010), f2(2300), and f2(2340) mesons could be
considered as potential candidates; see Table I.
The Born amplitude for the PP fusion is given by
M(PP→ f2→φφ) ρ3ρ4λaλb→λ1λ2φφ =(−i) u¯(p1, λ1)iΓ
(Ppp) µ1ν1(p1, pa)u(pa , λa) i∆
(P)
µ1ν1,α1β1
(s1, t1)
× iΓ(PP f2) α1β1,α2β2,ρσ(q1, q2) i∆( f2)ρσ,αβ(p34) iΓ( f2φφ) αβρ3ρ4(p3, p4)
× i∆(P)α2β2,µ2ν2(s2, t2) u¯(p2, λ2)iΓ
(Ppp) µ2ν2(p2, pb)u(pb, λb) ,
(3.27)
where s1 = (p1 + p3 + p4)
2, s2 = (p2 + p3 + p4)
2, q1 = pa − p1, q2 = pb − p2, t1 = q21,
t2 = q
2
2, and p34 = q1 + q2 = p3 + p4.
The PP f2 vertex, including a form factor, can be written as
iΓ
(PP f2)
µν,κλ,ρσ(q1, q2) =
(
iΓ
(PP f2)(1)
µν,κλ,ρσ |bare +
7
∑
j=2
iΓ
(PP f2)(j)
µν,κλ,ρσ (q1, q2) |bare
)
F˜(PP f2)(q21, q
2
2, p
2
34) .
(3.28)
Here and throughout our paper the label “bare” is used for a vertex, as derived from a cor-
responding coupling Lagrangian [4], without a form-factor function. A possible choice
for the iΓ
(PP f2)(j)
µν,κλ,ρσ |bare coupling terms j = 1, ..., 7 is given in Appendix A of [4]. The cor-
responding coupling constants g
(j)
PP f2
are not known and should be fitted to existing and
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future experimental data. In the following we shall, for the purpose of orientation, as-
sume that only g
(1)
PP f2
is unequal to zero. But we have checked that for the distributions
studied here the choice of PP f2 coupling is not important; see Sec. IVA below.
In practical calculations, to describe the off-shell dependence in (3.28), we take the
factorized form for the PP f2 form factor
F˜(PP f2)(q21, q
2
2, p
2
34) = F˜M(q
2
1)F˜M(q
2
2)F
(PP f2)(p234) (3.29)
normalised to F˜(PP f2)(0, 0,m2f2) = 1. We will further set
F˜M(t) =
1
1− t/Λ˜20
, Λ˜20 = 1 GeV
2 ; (3.30)
F(PP f2)(p234) = exp
(−(p234 −m2f2)2
Λ4f2
)
, Λ f2 = 1 GeV . (3.31)
For the f2φφ vertex we take the following ansatz (in analogy to the f2γγ vertex; see
(3.39) of [11]):
iΓ
( f2φφ)
µνκλ (p3, p4) = i
2
M30
g′f2φφ Γ
(0)
µνκλ(p3, p4) F
′( f2φφ)(p234)
−i 1
M0
g′′f2φφ Γ
(2)
µνκλ(p3, p4) F
′′( f2φφ)(p234) , (3.32)
with M0 = 1 GeV and dimensionless coupling constants g
′
f2φφ
and g′′f2φφ being free pa-
rameters. The explicit tensorial functions Γ
(i)
µνκλ(p3, p4), i = 0, 2, are given by (3.13) and
(3.14), respectively. The relations (3.4) can now be checked from (3.27) and (3.32) using
again (3.21) of [11]. Different form factors F′ and F′′ are allowed a priori in (3.32). We
assume that
F′( f2φφ)(p234) = F
′′( f2φφ)(p234) = F
(PP f2)(p234) . (3.33)
In the high-energy approximation we can write the amplitude for the PP fusion as
M(PP→ f2→φφ) ρ3ρ4λaλb→λ1λ2φφ = 3βPNN 2(p1 + pa)µ1(p1 + pa)ν1 δλ1λa F1(t1)
1
4s1
(−is1α′P)αP(t1)−1
× Γ(PP f2) µ1ν1,µ2ν2,αβ(q1, q2)∆( f2)αβ,κλ(p34) Γ( f2φφ) κλρ3ρ4(p3, p4)
× 1
4s2
(−is2α′P)αP(t2)−1 3βPNN 2(p2 + pb)µ2(p2 + pb)ν2 δλ2λb F1(t2) .
(3.34)
We use in (3.34) the tensor-meson propagator with the simple Breit-Wigner form
∆
( f2)
µν,κλ(p34) =
1
p234 −m2f2 + im f2Γ f2
[
1
2
(gˆµκ gˆνλ + gˆµλ gˆνκ)− 13 gˆµν gˆκλ
]
, (3.35)
where gˆµν = −gµν + p34µp34ν/p234, Γ f2 is the total decay width of the f2 resonance, and
m f2 is its mass. We take their numerical values from PDG [55]; see Table I in Sec. II.
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C. Pseudoscalar and scalar resonance production
As was mentioned in Sec. I, the scalar f0(2100) and the pseudoscalar η(2100), η(2225),
and X(2500) states were seen in J/ψ → γφφ [43]. In [43] the authors found that the most
significant contribution to φφ comes from the η(2225) resonance.
The above resonances can also contribute to φφ CEP in addition to the continuum
and the f2(2340) processes discussed in Secs. IIIA and III B, respectively. Therefore, in
our analysis we should consider these possibilities. But for simplicity we will limit our
discussion to the CEP of the f0(2100) and the η(2225) mesons with subsequent decay to
φφ.
The Born amplitude for the PP fusion to φφ through an s-channel η-like resonance M˜
is given by
M(PP→M˜→φφ) ρ3ρ4λaλb→λ1λ2φφ =(−i) u¯(p1, λ1)iΓ
(Ppp) µ1ν1(p1, pa)u(pa , λa) i∆
(P)
µ1ν1,α1β1
(s1, t1)
× iΓ(PPM˜) α1β1,α2β2(q1, q2) i∆(M˜)(p34) iΓ(M˜φφ) ρ3ρ4(p3, p4)
× i∆(P)α2β2,µ2ν2(s2, t2) u¯(p2, λ2)iΓ
(Ppp) µ2ν2(p2, pb)u(pb , λb) .
(3.36)
The effective PPM˜ vertex was discussed in Sec. 2.2 of [14]. As was shown there, in
general more than one coupling structure PPM˜ is possible. The general PPM˜ vertex
constructed in Sec. 2.2 of [14] corresponds to the sum of the values (l, S) = (1, 1) and (3, 3)
with the dimensionless coupling parameters g′
PPM˜
and g′′
PPM˜
, respectively. The resulting
PPM˜ vertex, including a form factor, is given as follows
iΓ
(PPM˜)
µν,κλ (q1, q2) =
(
iΓ
′(PPM˜)
µν,κλ (q1, q2) |bare +iΓ
′′(PPM˜)
µν,κλ (q1, q2) |bare
)
F˜(PPM˜)(q21, q
2
2, p
2
34) ,
(3.37)
iΓ
′(PPM˜)
µν,κλ (q1, q2) |bare = i
g′
PPM˜
2M0
(
gµκενλρσ + gνκεµλρσ + gµλενκρσ + gνλεµκρσ
)
×(q1 − q2)ρpσ34 , (3.38)
iΓ
′′(PPM˜)
µν,κλ (q1, q2) |bare = i
g′′
PPM˜
M30
{ενλρσ
[
q1κq2µ − (q1 · q2)gµκ
]
+ εµλρσ [q1κq2ν − (q1 · q2)gνκ ]
+ενκρσ
[
q1λq2µ − (q1 · q2)gµλ
]
+ εµκρσ [q1λq2ν − (q1 · q2)gνλ]}
×(q1 − q2)ρpσ34 ; (3.39)
see (2.4) and (2.6) of [14]. For M˜ = η and M˜ = η′(958), the corresponding coupling
constants were fixed in [14] (see Table 4 there) to differential distributions of the WA102
Collaboration [25, 28]. For the PPη(2225) coupling, relevant for CEP of φφ, there are
no data to determine it. Therefore, we consider, for simplicity, only the term (l, S) =
(1, 1) in (3.37). That is, we set g′′
PPη(2225) = 0. We take the same factorized form for the
pomeron-pomeron-η(2225) form factor as in (3.29)–(3.31).
For the ηφφ vertex we make the following ansatz:
iΓ
(ηφφ)
µν (p3, p4) = i
1
2M0
gηφφ εµνκλp
κ
3p
λ
4 F
(ηφφ)(p234) , (3.40)
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FIG. 2: The Born-level diagrams for diffractive production of a φ-meson pair with one and two
odderon exchanges.
with M0 = 1 GeV and gηφφ being a free parameter.
The amplitude for φφ CEP through the scalar f0(2100) meson is as for η(2225) in
(3.36) but with Γ(PPη), Γ(ηφφ), and ∆(η) replaced by Γ(PP f0), Γ( f0φφ), and ∆( f0), respectively.
In Appendix A of [18], a similar amplitude for the reaction pp → pp( f0 → ρ0ρ0) is writ-
ten. The effective PP f0 vertex is discussed in detail in Appendix A of [14]. As was shown
there, the PP f0 vertex corresponds to the sum of two (l, S) couplings, (l, S) = (0, 0) and
(2, 2), with corresponding coupling parameters g′
PP f0
and g′′
PP f0
, respectively. The vertex
is written as follows:
iΓ
(PP f0)
µν,κλ (q1, q2) =
(
iΓ
′(PP f0)
µν,κλ |bare +iΓ
′′(PP f0)
µν,κλ (q1, q2) |bare
)
F˜(PP f0)(q21, q
2
2, p
2
34) ; (3.41)
see (A.17)–(A.21) of [14]. Due to the same reason as for the η(2225) meson, we restrict
in (3.41) to one term (l, S) = (0, 0). We take the same form for the pomeron-pomeron-
f0(2100) form factor as in (3.29)–(3.31).
In Appendix A of [18] we discussed our ansatz for the f0ρρ vertex; see (A.7) there.
For the f0φφ vertex, of interest to us here, we make the same ansatz but with coupling
parameters g′f0φφ and g
′′
f0φφ
instead of g′f0ρρ and g
′′
f0ρρ
, respectively. For simplicity, we
assume in the following g′f0φφ = 0. We get then
iΓ
( f0φφ)
µν (p3, p4) = i
2
M0
g′′f0φφ
[
p4 µp3 ν − (p3 · p4)gµν
]
F′′( f0φφ)(p234) , (3.42)
where g′′f0φφ is a parameter to be determined from experiment. Here the PP f0(2100) and
f0(2100)φφ coupling parameters are essentially unknown at present.
A priori different form factors F(ηφφ) and F′′( f0φφ) are allowed in (3.40) and (3.42), re-
spectively. We assume F(ηφφ) = F′′( f0φφ) = F(PP f2); see Eq. (3.31).
D. Diffractive production of φφ continuum with odderon exchanges
The diffractive production of two φ mesons seems to offer a good possibility to iden-
tify and/or study the odderon exchanges [66]. At high energy there are two types of
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processes represented by the diagrams in Fig. 2. So far these processes have not yet been
calculated or even estimated. A particularly important case worthy of attention is dia-
gram (a) in Fig. 2. The advantage of this process compared to that in diagram (b) is that in
diagram (a) no odderon-proton vertex is involved. Because the coupling of the odderon
to the proton is probably small, one could expect σ(O−P−O) ≪ σ(P−O−P). Therefore, in
the following we neglect the contribution with two odderon exchanges in the calculation.
The amplitude for the process shown by diagram (a) in Fig. 2 has the same form as
the amplitude with the φ-meson exchange discussed in Sec. IIIA; see Eqs. (3.6)–(3.8). But
here we have to make the following replacements:
i∆
(φ)
µν (pˆ)→ i∆(O)µν (s34, pˆ2) , (3.43)
iΓ
(Pφφ)
µνκλ (k
′, k) → iΓ(POφ)µνκλ (k′, k) . (3.44)
Our ansatz for the effective propagator of the C = −1 odderon follows (3.16) and (3.17)
of [11],
i∆
(O)
µν (s, t) = −igµν ηO
M20
(−isα′
O
)αO(t)−1 , (3.45)
αO(t) = αO(0) + α
′
O
t , (3.46)
where in (3.45) we have M−20 = 1 (GeV)
−2 for dimensional reasons. Furthermore, ηO
is a parameter with value ±1 and αO(t) is the odderon trajectory, assumed to be linear
in t. We choose, as an example, the slope parameter for the odderon the same as for
the pomeron in (3.11). For the odderon intercept we choose a number of representative
values. That is, we shall show results for
ηO = ±1 , α′O = 0.25 GeV−2 , αO(0) = 1.05, 1.00, 0.95 . (3.47)
The odderon-exchange diagram presented in Fig. 2 (a), due to the Regge-based
parametrisation with the odderon intercept αO(0) ∼ 1.0, should be especially relevant
in the region of large rapidity separation of the φ mesons and large φφ invariant masses.
This will be discussed further in Sec. IVC.
For the POφ vertex we use an ansatz analogous to the Pρρ vertex; see (3.47) of [11].
We get then, orienting the momenta of the O and the φ outwards as shown in Fig. 3 (a),
the following formula:
iΓ
(POφ)
µνκλ (k
′, k) = iF(POφ)((k+ k′)2, k′2, k2)
[
2 aPOφ Γ
(0)
µνκλ(k
′, k)− bPOφ Γ(2)µνκλ(k′, k)
]
. (3.48)
Here k′, µ and k, ν are the momentum and vector index of the odderon and the φ, respec-
tively; aPOφ and bPOφ are (unknown) coupling constants; and F
(POφ)
(
(k+ k′)2, k′2, k2
)
is a form factor. In practical calculations we take the factorized form for the POφ form
factor,
F(POφ)((k+ k′)2, k′2, k2) = F((k + k′)2) F(k′2) F(POφ)(k2) , (3.49)
where we adopt the monopole form
F(k2) =
1
1− k2/Λ2 , (3.50)
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FIG. 3: (a) Generic diagram for thePOφ vertexwithmomentum and Lorentz-indices assignments.
(b) A QCD diagram contributing to the POφ vertex.
and F(POφ)(k2) is a form factor normalised to F(POφ)(m2φ) = 1. The coupling parame-
ters aPOφ, bPOφ in (3.48) and the cutoff parameter Λ
2 in the form factor (3.50) could be
adjusted to experimental data.
In Fig. 3 (b) we show a QCD diagram which will contribute to the POφ vertex. The
“normal” decay of a φ meson from the QCD point of view is to three gluons produced
in the annihilation of the ss¯ quarks. A higher order correction can involve a five-gluon
decay. Turning such a diagram around we arrive at the POφ coupling shown in Fig. 3 (b).
For the considered reaction pp → ppφφ, the φφ subsystem energy √s34 = Mφφ is not
very high and at threshold starts from
√
s34 = 2mφ. The odderon-exchange amplitude
applies for larger, certainly not too small,
√
s34. At low energies the Regge type of inter-
action is not realistic and should be switched off. To achieve this requirement we shall
multiply the odderon-exchange amplitude by a simple, purely phenomenological factor:
Fthr(s34) = 1− exp
(
sthr − s34
sthr
)
, (3.51)
with sthr = 4m
2
φ. Our prescription leads toM(O−exchange)pp→ppφφ → 0 when s34 → sthr. The form
factors of Eqs. (3.49) and (3.50) then guarantee that in our calculation the odderon only
contributes in the Regge regime |pˆ2| ≪ s34.
E. γ-exchange mechanism
The amplitude for the process shown by the diagram in Fig. 4 has the same form as the
amplitude with the φ-meson exchange discussed in Sec. IIIA; see Eqs. (3.17) and (3.18).
But we have to make the following replacements:
∆
(φ)
ρ1ρ2(pˆ)→ ∆(γ)ρ1ρ2(pˆ) = −
gρ1ρ2
pˆ2
, (3.52)
Fˆφ(pˆ
2)→ Fˆγ(pˆ2) , (3.53)
where we assume that Fˆγ(pˆ2) = FM(pˆ
2) (3.16) and Λ20 = 1.0 GeV
2, and
aPφφ → aPγφ = e
γφ
aPφφ , (3.54)
bPφφ → bPγφ = e
γφ
bPφφ , (3.55)
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FIG. 4: The Born-level diagram for diffractive production of a φ-meson pair with an intermediate
photon exchange.
where e > 0,γφ < 0, and γ
2
φ = 4π/0.0716 [see Eq. (5.3) of [61] and Eqs. (3.23)–(3.25) and
Sec. 4 of [11]].
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IV. RESULTS
In this section we wish to present first results for the pp → ppK+K−K+K− reac-
tion via the intermediate φ(1020)φ(1020) state corresponding to the diagrams shown
in Figs. 1–4. In practice we work with the amplitudes in high-energy approximation;
see (3.17) and (3.34).
A. Comparison with the WA102 data
It was noticed in [38] that the cross section for the production of a φφ system, for
the same interval of |xF,φφ| 6 0.2, is almost independent of the center-of-mass energy.
The experimental results are σ
(φφ)
exp = 42± 9 nb at
√
s = 12.7 GeV [36], σ
(φφ)
exp = 36± 6 nb
at
√
s = 23.8 GeV [37], and σ
(φφ)
exp = 41.0± 3.7 nb at
√
s = 29.1 GeV [38]. This suggests
that the double-pomeron-exchange mechanism shown in Fig. 1 is the dominant one for
the pp → ppφφ reaction in the above energy range. In the following we neglect, therefore,
secondary reggeon exchanges.
In principle, there are many possible resonances with JPC = 0++, 0−+, 2++ that may
contribute to the pp → ppφφ reaction represented by the diagram (b) in Fig. 1; see the
fifth column in Table I. Therefore, before comparing with the experimental data, let us
first concentrate on the general characteristics of resonant production via the pomeron-
pomeron fusion. We shall consider only three resonances as representative examples:
f0(2100), η(2225), and f2(2340). For illustration, in Fig. 5 we present the shape of distri-
butions in dPt and φpp for the experimental conditions as in the WA102 experiment [38],
that is, for
√
s = 29.1 GeV and |xF,φφ| 6 0.2. Here dPt is the “glueball-filter variable”
dPt = qt,1 − qt,2 = pt,2 − pt,1 , dPt = |dPt | , (4.1)
and φpp is the azimuthal angle between the transverse momentum vectors pt,1, pt,2 of the
outgoing protons. The results without (the thin lines) andwith (the thick lines) absorptive
corrections are shown in Fig. 5. The differential distributions have been normalised to
1 nb for both cases, with and without absorptive corrections. We can conclude that only
the scalar and tensor resonances have similar characteristics as the WA102 experimental
distributions [38] shown in Fig. 9 below. In the following wewill assume that the f2(2340)
resonance dominates.
In Fig. 6 we show the results for the φφ continuum process via the φ-meson exchange
mechanism represented by diagram (a) in Fig. 1. In the left panel we present the φφ
invariant mass distributions and in the right panel the distributions in Ydiff = Y3 − Y4.
In our calculation we take Λo f f ,E = 1.6 GeV in (3.19) and the Pφφ coupling parameters
from [20]. It is clearly seen from the left panel that the result without reggeization (see
the green solid line) is well above the WA102 experimental data [27, 38] normalised to
the total cross section σ
(φφ)
exp = 41 nb from [38]. The reggeization effect that leads to the
suppression of the cross section should be applied here, but the way it should be included
is less obvious. We show results for two prescriptions of reggeization given by Eqs. (3.21)
and (3.25). We have checked that for the considered reaction 〈−pˆ2t 〉, 〈−pˆ2u〉 ≃ 1 GeV2
(before reggeization). We have s34 − 4m2φ > 2 GeV2 for
√
s34 = Mφφ > 2.5 GeV. It can
therefore be expected that the prescription (3.21) is relevant near threshold and especially
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FIG. 5: The distribution in dPt (4.1) and in φpp for the central exclusive φφ production
at
√
s = 29.1 GeV and |xF,φφ| 6 0.2. The results for scalar, pseudoscalar, and tensor resonances
without (the thin lines) and with (the thick lines) absorptive corrections are shown. Because here
we are interested only in the shape of the distributions, we normalised the differential distribu-
tions arbitrarily to 1 nb for both cases, with and without absorption corrections.
for Mφφ & 3 GeV. However, in the light of the discussion after Eq. (3.21) how to treat the
low-Mφφ region, we consider also the alternative prescription (3.25) combinedwith (3.26).
In this case we present predictions for cy = 1, 1.5, and 2 in (3.26). One can clearly see no
effect of the reggeization at Ydiff = 0. The reggeization becomes more important when
Mφφ and |Ydiff| increase. For cy = 2 and Mφφ & 3.5 GeV we get similar results from (3.25)
as from the first prescription (3.21).
In Fig. 7 we compare our predictions including now the two mechanisms shown in
Fig. 1 to the WA102 data [27, 38] for the φφ invariant mass distribution from the pp →
ppφφ reaction. With our choice to keep only onePP f2 coupling from (3.28), namely g
(1)
PP f2
,
the distributions depend on the product of the couplings g
(1)
PP f2
g′f2φφ and g
(1)
PP f2
g′′f2φφ with
g′f2φφ and g
′′
f2φφ
given in (3.32). Again, for orientation purposes, we shall assume here
and in the following that only either the first or the second of the above products of
couplings is nonzero. In the parameter set A we choose g
(1)
PP f2
g′f2φφ 6= 0, and in set B
we choose g
(1)
PP f2
g′′f2φφ 6= 0; see Table II. Of course, once good measurements of all the
relevant distributions of our reaction are available, one can try – as will be correct – to
fit a linear combination of the above two coupling terms to the data. Thus, we show
in Fig. 7 results for the two sets of parameters given in Table II, set A [see panel (a)] and
set B [see panel (b)]. The long-dashed lines represent results for the reggeized φ-exchange
contribution. The short-dashed lines represent results for the f2(2340) → φφ resonance
contribution. The solid lines represent the coherent sum of both contributions. We found
a rather good agreement near Mφφ = 2.3 GeV, taking into account only the continuum
and f2(2340) meson, although the possibility of an f2(2300) meson contribution cannot
be ruled out. Our predictions indicate therefore that in such a case we are dealing rather
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FIG. 6: The distributions in φφ invariant mass (the left panel) and in Ydiff, the rapidity distance
between the two φ mesons (the right panel), for the φ-exchange continuum contribution. The
calculations were done for
√
s = 29.1 GeV and |xF,φφ| 6 0.2. In the left panel we show the WA102
experimental data [27] normalised to the total cross section σ
(φφ)
exp = 41 nb from [38]. The green
solid line corresponds to the non-reggeized contribution. The results for the two prescriptions of
reggeization, (3.21) and (3.25), are shown by the black and blue lines, respectively. The absorption
effects are included here.
with an upper limit of the cross section for the f2-resonance term. We wish to point
out here that the interference of the continuum and resonance contributions depends
on subtle details (choice of the couplings for resonant term, phase interpolation for the
continuum term).
By comparing the theoretical results and the differential cross sections obtained by the
WA102 Collaboration we fixed the parameters of the off-shell tˆ/uˆ-channel φ-meson form
factor (Λo f f ,E in (3.19)) and the PP f2 and f2φφ couplings. For the convenience of the
reader we have collected in Table II the default numerical values of the parameters of our
model used in the calculations.
It can be observed that the WA102 experimental point at Mφφ ≈ 2.2 GeV is well above
our theoretical result (φ-exchange contribution) and it may signal the presence of the
f J(2220) resonance. As was shown in Fig. 5, mesons with J = 0 and J = 2 have similar
characteristics. Therefore, the answer to the question about the spin of f J(2220) cannot
be easily given by studying the φφ decay channel. Our model calculation, including only
two contributions, the reggeized φ(1020)-meson exchange and the production via the
intermediate f2(2340), describes the WA102 experimental data up to Mφφ = 2.5 GeV rea-
sonably well; see Fig. 7. We cannot exclude a small contribution of the X(2500) meson
which was seen in J/ψ → γφφ [43]. Including the other resonances will only be mean-
ingful once experiments with better statistics become available. Hopefully this will be
the case at the LHC. The behaviour at higher values of Mφφ & 2.5 GeV will be further
discussed in Sec. IVC.
From Fig. 8 it is clearly seen that the shape of the Ydiff distribution is sensitive to the
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TABLE II: Some parameters of our model. The columns indicate the equation numbers where the
parameter is defined and their numerical values used in the calculations.
Parameters for Equation Value (Set A) Value (Set B)
φ-exchange mechanism
aPφφ (3.18); Sec. IV B of [20] 0.49 GeV
−3 0.49 GeV−3
bPφφ (3.18); Sec. IV B of [20] 4.27 GeV
−1 4.27 GeV−1
Λ20 (3.16); Sec. IV B of [20] 1.0 GeV
2 1.0 GeV2
Λo f f ,E (3.19) 1.6 GeV 1.6 GeV
PP→ f2(2340)→ φφ mechanism
g
(1)
PP f2
g′f2φφ (3.28) et seq.; (3.32) 12.0 0.0
g
(1)
PP f2
g′′f2φφ (3.28) et seq.; (3.32) 0.0 7.0
Λ˜20 (3.30) 1.0 GeV
2 1.0 GeV2
Λ f2 (3.31)–(3.33) 1.0 GeV 1.0 GeV
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FIG. 7: Invariant mass distributions for the central φφ system compared to the WA102 data [27]
at
√
s = 29.1 GeV and |xF,φφ| 6 0.2. The data points have been normalised to the total cross
section σ
(φφ)
exp = 41 nb from [38]. We show results for two sets of the parameters from Table II,
set A [see panel (a)] and set B [see panel (b)]. The black long-dashed line corresponds to the
reggeized φ-exchange contribution [Eq. (3.21)], while the black short-dashed line corresponds to
the f2(2340) resonance term, and the black solid line represents the coherent sum of both con-
tributions. For comparison, we show also the blue dashed-dotted line that corresponds to the
reggeized φ-exchange contribution using Eq. (3.25). The absorption effects are included here.
choice of the f2φφ coupling (3.32) and of the reggeization ansatz. For the φ continuum
process we show the results obtained for the two reggeization prescriptions, (3.21) and
(3.25). Here Y3, Y4 are the rapidities of the two φ mesons. We show results in the φφ
invariant mass window, Mφφ ∈ (2.2, 2.5) GeV, where tensor glueball candidates with
masses around 2.3 GeV are expected. Two sets of the parameters, set A and set B, from
Table II give different results. It can, therefore, be expected that the Ydiff variable will be
21
very helpful in determining the f2φφ coupling using results expected from LHCmeasure-
ments, in particular, if they cover a wider range of rapidities. This will be presented fur-
ther in Figs. 13 and 14. We have checked that for the reaction pp → pp(PP → f2(2340)→
φφ) discussed here the shapes of the Ydiff distributions do not depend significantly on the
choice of the PP f2 vertex coupling (3.28). This is a different situation compared to the
one observed by us for the pp → pp(PP → f2(1270) → π+π−) reaction; see Figs. 7 and
8 of [4] and [21].
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FIG. 8: The distributions in rapidity distance between two centrally produced φ(1020) mesons
Ydiff = Y3 − Y4 at
√
s = 29.1 GeV for |xF,φφ| 6 0.2 and Mφφ ∈ (2.2, 2.5) GeV. The meaning of the
lines is the same as in Fig. 7. Here we show results for the two sets, A and B, of the parameters;
see Table II. The absorption effects are included here.
In Fig. 9 in the panels (a), (b), and (c) we compare our model results to the WA102
data on the differential distributions dσ/d(dPt), dσ/dφpp, and dσ/d|t| (that is dσ/d|t1| or
dσ/d|t2|), respectively. Here we used in the calculations the parameter set B of Table II.
We have checked that for these three observables the results obtained with the param-
eter set A of Table II are similar. The theoretical results correspond to the calculations
including absorptive effects calculated at the amplitude level and related to the pp non-
perturbative interactions. Note that in the panels (a), (b), and (c) we also show the Born
result for the φ-exchange contribution. The ratio of full and Born cross sections 〈S2〉 (the
gap survival factor) at
√
s = 29.1 GeV is 〈S2〉 ∼= 0.4. From Figs. 5 and 9 we see the
influence of absorption effects on the shape of distributions in φpp and dPt.
So far we have tried to adjust parameters of the continuum and the f2(2340) resonance
terms in order not to exceed the WA102 experimental data for the φφ invariant mass
distribution. We see that limiting to these mechanisms we cannot describe the data for
Mφφ > 2.5 GeV. In consequence we underestimate experimental distributions also in
Fig. 9. Clearly, an additional mechanism is needed to resolve this problem. We shall
discuss a possible solution of this problem in Sec. IVC.
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FIG. 9: Differential cross sections for the central exclusive φφ production at
√
s = 29.1 GeV and
|xF,φφ| 6 0.2. The data points from [38] have been normalised to the total cross section σ(φφ)exp =
41 nb given there. The meaning of the lines is the same as in Fig. 7 (b) (set B). Here we show
results for the φ-exchange contribution using Eq. (3.21). The absorption effects are included, but,
for comparison, we also show the reggeized φ-exchange contribution in the Born approximation
(without absorption effects) corresponding to the upper blue long-dashed line.
B. Predictions for the LHC experiments
We start from a discussion of the results for the pp → ppK+K−K+K− reaction ob-
tained from the φ(1020)-exchange mechanism discussed in Sec. IIIA. The calculations
were done for
√
s = 13 TeVwith typical experimental cuts on pseudorapidities and trans-
verse momenta of centrally produced kaons. The ratio of the full and Born cross sections
at
√
s = 13 TeV is approximately 〈S2〉 ∼= 0.2. In Fig. 10 we present the K+K−K+K− in-
variant mass distributions (see the top panels) and the distributions in Ydiff = Y3 − Y4
(see the bottom panels) calculated for
√
s = 13 TeV with the kinematical cuts specified in
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FIG. 10: Differential cross sections as a function of the four-kaon invariant mass (top panels) and
as function of Ydiff (bottom panels) for the φ-exchange mechanism calculated for
√
s = 13 TeV
with the kinematical cuts specified in the figure legends. The results for the two prescriptions of
reggeization (3.21) and (3.25) are presented. The absorption effects are included here.
the figure legends. Here Y3 and Y4 mean YK+K− where the kaons are produced from the
same φmeson decay. Of course, the larger the detector coverage in ηK, the larger becomes
|Ydiff|. In the calculations we take into account the intermediate φ-meson reggeization.
We show results for the two prescriptions of reggeization, (3.21) and (3.25), see the left
and right panels, respectively. The results shown in the right panel were calculated with
cy = 2 in (3.26). We see that the choice of reggeization has a large impact on the results.
The reggeization effect leads to a damping of the four-kaon invariant mass distributions.
From the top panels, we see that increasing the pt,K cut from 0.1 GeV to 0.2 GeV sig-
nificantly suppresses the cross section at small M4K. The first scenario of reggeization,
Eq. (3.21), also significantly suppresses the region when Y3 ≈ Y4, that is, for Ydiff ≃ 0.
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This is slightly different for the second reggeization scenario (3.25); see the bottom right
panel. The cross section for the φφ-continuum contribution is about 2 orders of magni-
tude smaller than the cross section for the ρρ-continuum contribution discussed in [18].
In Fig. 11 we show further features of the M4K and the Ydiff distributions for
the φ-exchange contribution. We show results for the reggeization prescription (3.21).
The black solid line represents the complete result with the coherent sum of the tˆ- and
uˆ-channel amplitudes; see Eqs. (3.7) and (3.8), respectively. The black long-dashed and
blue short-dashed lines represent the results for their individual contributions, respec-
tively. The black dotted line corresponds to the incoherent sum of tˆ and uˆ contributions.
We can see that the complete result indicates a large interference effect between the tˆ- and
uˆ-channel diagrams. This effect occurs in the region at low M4K and |Ydiff| < 1. It can,
therefore, be expected that the identification of diffractively produced high-mass reso-
nances that decay into φφ pairs (e.g., ηc, χc0, χc2) should be possible at the LHC. For this
purpose, one could study the distribution d2σ/dM4KdYdiff for the pp → ppK+K−K+K−
reaction; see the discussion in [19] for the pp → pppp¯ reaction.
In Fig. 12 we show the distribution in (Ydiff,M4K) for the continuum 4K production via
the reggeized φ-exchange mechanism. In the left panel we show the results for (3.21) and
in the right panel for (3.25) and (3.26) with cy = 2. We note that with our prescriptions of
reggeization and taking into account the kinematic cuts we have a clear correlation: large
|Ydiff| automatically means large M4K. Basically this is due to the fact that the transverse
momenta of the outgoing φ mesons stay rather small due to the form factors in (3.17).
The behaviour of these distributions for large M4K = Mφφ can be understood as follows.
We are in essence studying here the reaction PP → φφ through φ, respectively, for large
Mφφ φR (φ reggeon) exchange. We expect then the maximum of this differential cross
section for one φ forward and the other backward. This configuration corresponds to
large M4K and |Ydiff|, giving the “ridge” in Fig. 12. In contrast, for M4K near threshold
the contributions from the tˆ and uˆ exchange diagrams overlap and interfere construc-
tively; see Fig. 11. This effect gives the enhancement at small M4K and small |Ydiff| in
Fig. 12. Because of kinematic separation of the tˆ- and uˆ-channel continuum contributions
for M4K > 3 GeV the ηc and χc mesons could be searched for preferentially at Ydiff = 0. If
the reggeization ansatz (3.21) is close to what is realised in nature these resonances ηc, χc
should be clearly visible at small |Ydiff|. However, the reggeization ansatz (3.25) gives a
larger continuum contribution at small |Ydiff|; see also the lower panels of Fig. 10. Thus,
if (3.25) is close to the truth, the identification of the above resonance contributions would
be more difficult.
In Fig. 13 we present predictions for the pp → ppK+K−K+K− reaction including both
the continuum φ-exchange contribution and the f2(2340) contribution for two sets of the
parameters fixed from theWA102 data; see Fig. 7 and Table II. As can be clearly seen from
Fig. 13, the resonance contribution generates, in both the M4K and the Ydiff distributions,
patterns with a complicated structure. In the calculations we include the φ-exchange
contribution using the reggeization prescription (3.21) and the dominant tensor f2(2340)
resonance decaying into the φφ pair leading finally to the K+K−K+K− final state. The
resonance f2(2340) contribution is visible on top of the φ-exchange continuum contri-
bution. We can see that the complete result indicates a large interference effect of both
terms. In principle, there may also be contributions from other tensor mesons and from
η- and f0-type mesons; see the fifth column in Table I.
In Fig. 14 we show the distributions in Ydiff for different experimental conditions,
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FIG. 11: Differential cross sections as a function of the four-kaon invariant mass (left panel) and as
a function of Ydiff (right panel) for the pp → pp(φφ → K+K−K+K−) reaction calculated for
√
s =
13 TeV and |ηK | < 2.5, pt,K > 0.2 GeV. The results for the φ-exchange contribution are presented.
The black solid lines correspond to the coherent sum of the tˆ- and uˆ-channel amplitudes. Their
incoherent sum is shown by the black dotted lines for comparison. The black long-dashed and
blue short-dashed lines correspond to the results for the individual tˆ and uˆ terms, respectively.
The absorption effects are included here.
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FIG. 12: The two-dimensional distributions in (Ydiff,M4K) for the diffractive continuum four-kaon
production for
√
s = 13 TeV and |ηK| < 2.5, pt,K > 0.2 GeV. The results for two prescriptions of
reggeization are presented. The result in the left panel corresponds to the prescription (3.21), and
the result in the right panel corresponds to Eqs. (3.25) and (3.26) for cy = 2. The absorption effects
are included here.
|ηK| < 2.5, pt,K > 0.2 GeV, |ηK| < 2.5, pt,K > 0.1 GeV, 2.0 < ηK < 4.5, pt,K > 0.2 GeV, from
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the top to bottom panels, respectively, and in the mass range Mφφ ∈ (2.2, 2.5) GeV. We
show results for the two sets, A and B, of the parameters corresponding to the left and
right panels. For the φ-exchange contribution we show also results for the alternative
prescription (3.25) and for cy = 2 in (3.26). From Figs. 13 (bottom panels) and 14 we can
see that the distribution in Ydiff can be used to determine the f2(2340) → φφ coupling
(3.32), in particular, if low pt,K will be available.
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s = 13 TeV for typical experimental cuts. The lines
represent a coherent sum of the φ(1020)-exchange and the f2(2340) terms. We show results for
two sets of the parameters from Table II, set A (see the left panels) and set B (see the right panels).
The absorption effects are included here.
In Fig. 15 we discuss the observables dPt (4.1) and φpp for which the distributions are
very sensitive to the absorption effects. The results shown correspond to
√
s = 13 TeV
and include cuts for |ηK| < 2.5, pt,K > 0.2 GeV, andM4K ∈ (2.2, 2.5)GeV. Quite a different
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pattern can be seen for the Born case and for the case with absorption included. The
absorptive corrections lead to significant modification of the shape of the φpp distribution
and lead to an increase of the cross section for large dPt. This effect could be verified in
future experiments when both protons are measured, e.g., by the CMS-TOTEM and the
ATLAS-ALFA experimental groups.
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FIG. 15: Distributions in dPt, the “glueball filter” variable (left panel), and in proton-proton rela-
tive azimuthal angle φpp (right panel) for the pp → pp(φφ → K+K−K+K−) reaction through the
φ-exchange and f2(2340)mechanisms. Here the parameter set B from Table II and the reggeization
formula (3.21) were used. The predictions shown correspond to
√
s = 13 TeV and include cuts
for |ηK| < 2.5, pt,K > 0.2 GeV, and M4K ∈ (2.2, 2.5) GeV. The black lines correspond to the results
with the absorption effects included. For comparison, the blue lines, marked “Born”, correspond
to the results without absorption.
In Table III we have collected integrated cross sections in nb for different experimental
cuts for the exclusive K+K−K+K− production including only the contributions shown in
Fig. 1. The results were obtained in the calculations with the tensor pomeron exchanges.
The absorption effects are included in the calculations.
C. Results including odderon exchange
In this section we shall discuss possibilities to observe odderon-exchange effects in the
CEP of φφ pairs.
The odderon was introduced on theoretical grounds in [67, 68]. For a review of the
odderon, see, e.g., [66]. Recent experimental results by the TOTEM Collaboration [69, 70]
have brought the odderon question to the forefront again. For recent theoretical papers
dealing with the odderon, see, e.g., [11, 15], which came out before the TOTEM results,
and [71–77].
Clearly, it is of great importance in this context to study possible odderon effects in
reactions other than proton-proton elastic scattering. We shall argue here that the CEP of
a φφ state offers a very nice way to look for odderon effects as suggested in [66].
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TABLE III: The integrated cross sections in nb for the central exclusive K+K−K+K− production in
proton-proton collisions via the intermediate φφ system due to the mechanisms shown in Fig. 1.
The results have been calculated for
√
s = 13 TeV and some typical experimental cuts using the
parameter set B from Table II. The calculations for the φ-exchange contribution were made using
(3.21). The absorption effects are included here.
Cross sections (nb)√
s, TeV Cuts Total φ exchange f2(2340)
13 |ηK| < 1, pt,K > 0.1 GeV 2.11 0.83 2.00
13 |ηK| < 2.5, pt,K > 0.1 GeV 16.16 8.30 12.80
13 |ηK| < 2.5, pt,K > 0.2 GeV 5.75 2.67 4.47
13 2 < ηK < 4.5, pt,K > 0.2 GeV 3.06 1.26 2.62
In Figs. 16 and 17 we show results for the diffractive CEP of φφ pairs including the
mechanism with odderon exchange shown in Fig. 2 (a). Here we take the following val-
ues of the parameters for the odderon exchange:
ηO = ±1 , αO(0) = 1.05 , aPOφ = 0 , bPOφ = 1.0, 1.5 GeV−1 ; (4.2)
see (3.47), (3.48), and Λ2 = 1.0 GeV2 in (3.50). In the calculations we have used the
parameter set B of Table II for the PP f2 contribution. For the case of φ exchange we
have used the formula of reggeization (3.21). In Fig. 16 we show the results for
√
s =
29.1 GeV and compare them to the WA102 data. Figure 17 shows the predictions for√
s = 13 TeV using the same parameters. We show the φ-meson-exchange contribution
(see the black long-dashed line), the f2(2340) contribution (see the black dashed line), and
the odderon-exchange contribution (see the red dotted line). The black dotted-dashed
line corresponds to the photon-exchange contribution, represented by the diagram in
Fig. 4, multiplied by a factor 103 to be visible in the figure. The coherent sum of all
contributions is shown by the red and blue solid lines, corresponding to ηO = −1 and
ηO = +1, respectively. Clearly, the complete result indicates a large interference effect
between the φ- and odderon-exchange diagrams. We see from the right panel of Fig. 16
that for Mφφ & 2.5 GeV the WA102 data leave room for a possible odderon contribution
which here we normalised in such a way as not to exceed the WA102 cross section. Such
an odderon contribution with bPOφ = 1.5 GeV
−1 can be treated then rather as an upper
limit. Of course the “true” odderon contribution may be much smaller.
In Fig. 17 we show the results for the ATLAS experimental conditions (|ηK| < 2.5,
pt,K > 0.2 GeV). For the odderon termwe take here again the parameters (4.2). With these
the odderon term gives a large enhancement of the M4K distribution for M4K & 3 GeV
and clearly dominates at large |Ydiff|. Whereas for M4K & 3 GeV and ηO = +1 there
is constructive interference of the φ-exchange and the odderon terms, for ηO = −1 the
interference is destructive. But in any case, for M4K & 4 GeV and |Ydiff| & 2 the odderon
term wins.
In Fig. 18 we show the complete result including the odderon exchange with ηO = −1
and various values of the odderon intercept αO(0):
ηO = −1 , αO(0) = 0.95, 1.00, 1.05 . (4.3)
Even a much smaller odderon contribution should be visible for M4K & 5 GeV and
|Ydiff| > 3, provided the experimental statistics (luminosity) is sufficient. The distribu-
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FIG. 16: Invariant mass distributions for the central production of φφ at
√
s = 29.1 GeV and
|xF,φφ| 6 0.2 together with the WA102 data [38] are shown. The black long-dashed line corre-
sponds to the φ-exchange contribution and the black dashed line corresponds to the f2(2340)
contribution. The black dotted-dashed line corresponds to the γ-exchange contribution enlarged
by a factor 103. In the calculations the parameter set B of Table II for the φ-exchange and f2 terms,
and the parameters (4.2) for the odderon term have been used. The red dotted line represents the
odderon-exchange contribution for aPOφ = 0, bPOφ = 1.0 GeV
−1 (left panel) and for aPOφ = 0,
bPOφ = 1.5 GeV
−1 (right panel). The coherent sum of all terms is shown by the red and blue solid
lines for ηO = −1 and ηO = +1, respectively. Here we take αO(0) = 1.05. The absorption effects
are included in the calculations.
tions inM4K and Ydiff seem therefore to offer good ways to identify the odderon exchange
if it is there.
The small intercept of the φ reggeon exchange, αφ(0) = 0.1 [64] makes the φ-exchange
contribution steeply falling with increasing M4K and |Ydiff|. Therefore, an odderon with
an intercept αO(0) around 1.0 should be clearly visible in these distributions if the POφ
coupling is of reasonable size. This is, at least, the conclusion of our present model study.
Of course, in a real experiment many investigations of the background will be necessary
before one could claim to have seen odderon exchange. Sources of background are φR
reggeon exchange as discussed in the present paper. But onewill also have to considerωR
reggeon exchange and double φ production from two independent exchanges as shown
in Fig. 19.
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FIG. 17: The distributions in M4K (left panels) and in Ydiff (right panels) for the pp → pp(φφ →
K+K−K+K−) reaction calculated for
√
s = 13 TeV and |ηK | < 2.5, pt,K > 0.2 GeV. The meaning of
the lines is the same as in Fig. 16. The red and blue solid lines correspond to the complete results
with ηO = −1 and ηO = +1, respectively. The results for bPOφ = 1.0 GeV−1 (top panels) and
for bPOφ = 1.5 GeV
−1 (bottom panels) are presented. The absorption effects are included in the
calculations.
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FIG. 19: Example of a diagram for the production of two φmesons by two independent exchanges.
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V. CONCLUSIONS
In the present paper we have presented first estimates of the contributions to the re-
action pp → ppK+K−K+K− via the intermediate φ(1020)φ(1020) resonance pairs. This
reaction is being analyzed experimentally by the ALICE, ATLAS, CMS, and LHCb col-
laborations. The analysis of the reaction pp → pp(PP → f2 → φφ) can be used for an
identification of the tensor meson states. We note that the states f2(2300) and f2(2340)
are good candidates for tensor glueballs.
We have considered the pomeron-pomeron fusion to φφ through the continuum pro-
cess, with the tˆ- and uˆ-channel φ-meson exchange, and through the s-channel resonance
reaction [PP → f2(2340) → φφ]. The amplitudes for the process have been obtained
within the tensor-pomeron approach [11]. By comparing our theoretical results to the
cross sections found by the WA102 Collaboration [27, 38], we have fixed some coupling
parameters and the off-shell dependencies of the intermediate φ mesons. We have dis-
cussed also the φφ production through the f0(2100) and η(2225) resonances, which were
observed in radiative decays of J/ψ [43]. We have shown that the contribution of the
pseudoscalar η(2225) meson is disfavored by the WA102 experimental distributions.
We have made estimates of the integrated cross sections as well as shown several dif-
ferential distributions for different experimental conditions. The distribution in Ydiff, the
rapidity difference between the two φ-mesons, depends strongly on the choice of the
f2(2340) → φφ coupling. The general f2φφ coupling is a sum of two basic couplings
multiplied with two coupling constants; see (3.32). Our default values of the coupling
parameters in the PP f2 and f2φφ vertices can be verified by future experimental results
to be obtained at the LHC. Future studies at the LHC could potentially determine them
separately. Low-pt,K cuts are required for this purpose. It has been shown that absorp-
tion effects change considerably the shapes of the “glueball-filter variable” distributions
as well as those for the azimuthal angle between the outgoing protons.
The study of the pp → ppφφ reaction offers the possibility to search for effects of the
odderon. Such double diffractive production of two vector mesons with odderon ex-
change as a means to look for the latter was discussed in [66]. In the present paper we
have presented a concrete calculation of this process. Odderon contributions in diffrac-
tive production of single vector mesons, e.g., pp → ppφ, were investigated in [78]. In the
diffractive production of φ meson pairs, it is possible to have pomeron-pomeron fusion
with intermediate tˆ/uˆ-channel C = −1 odderon exchange. The presence of odderon ex-
change in the middle of the diagram should be important and distinguishable from other
contributions for relatively large rapidity separation between the φ mesons. Hence, to
study this type of mechanism one should investigate events with rather large four-kaon
invariant masses, outside of the region of resonances. These events are then “three-gap
events”: proton–gap–φ–gap–φ–gap–proton. Experimentally, this should be a clear signa-
ture. A study of such events should allow a determination of the pomeron-odderon-φ
meson coupling, or at least of an upper limit for it. Of course, one will have to investigate
in detail the contribution of other exchanges like the φR reggeon exchange studied in the
present work. This could be done, for instance, by adjusting couplings and form factors
at lower Mφφ and then studying the extrapolations to higher Mφφ where φR exchange is
a “background” to odderon exchange. Experimentally one has to make sure that one is
really dealing with three-gap events. Thus, additional meson production in the gaps, a
reducible background, must be excluded. There is, however, also the irreducible back-
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ground from the production of two φmesons by two independent exchanges; see Fig. 19.
This has to be estimated theoretically and, in a sense, is an absorptive correction. If an
odderon exchange is seen, then the distributions of the four-kaon invariant mass and of
the rapidity difference between the two φmesons will reveal the intercept of the odderon
trajectory.
In conclusion we note the following. If the final protons in our reaction (3.1) can be
measured one can reconstruct the complete kinematics of the reaction P + P → φ + φ.
A detailed study of this reaction as a function of its c.m. energy Mφφ and its momentum
transfer should then be possible. The great caveat is that one has to get the absorption
corrections under good theoretical control. The resonances at low Mφφ could then be
investigated in detail. The special feature of the above reaction, however, is that the
leading term at high energies must be due to a charge conjugation C = −1 exchange since
C = +1 exchanges like the pomeron cannot contribute. Therefore, an odderon would
give the leading term if its intercept is higher than that of the normal C = −1 reggeons.
Clearly, an experimental study of CEP of a φ-meson pair should be very valuable for
clarifying the status of the odderon. Finally we note that analogous reactions which are
suitable for odderon studies, see [66], are double J/ψ and double Υ central exclusive
production.
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